We propose and demonstrate a new wavelength-division-sampling technique with high temporal resolution. A discrete-time true-time delay generates multiwavelength near-transform-limited pulses from a supercontinuum source. Pulses sample the analog signal in an electro-optic modulator and are subsequently demultiplexed in a wavelength-division-multiplexing f ilter. A 100-Gsample͞s experimental demonstration of this concept is presented.
Wide-bandwidth analog-to-digital converters are needed for a number of applications, including wireless communication and radar. One of the enabling technologies in these applications is the digital receiver, which requires digitization of the received signal at rf and before downconversion. It is widely believed that the current rate of improvement of purely electronic analog-to-digital converters is insuff icient to support such systems, and hence there has been growing interest in optically assisted analog-to-digital conversion. Wavelength-division sampling (WDS) is a technique similar to chirped-pulse wavelength-division multiplexing, in which a chirped optical carrier is intensity modulated with the electrical signal, establishing a time-to-wavelength correspondence. 1 -3 In the case of wavelength-division multiplexing this correspondence is used to demultiplex the digital signal with a passive filter such as an arrayed waveguide grating (AWG). In WDS, as shown in Fig. 1 , the electrical signal is a fast analog waveform, and the filter discretizes the signal and generates a parallel array of time-interleaved samples. 3 A simpler version of the WDS with a tunable Fabry-Perot filter instead of an AWG and sampling of one wavelength at a time has also been demonstrated. 4 In the previous demonstration of the WDS concept 3 the chirped optical waveform was generated by dispersion of an ultrashort optical pulse in a dispersive medium (such as single-mode fiber). The use of dispersion to generate the chirped waveform is simple to implement. However, it has the disadvantage that it degrades the temporal characteristics of the sampling pulses. The chirp introduced by this dispersion broadens the sampling pulses and limits the timing resolution. The long length of fiber needed to generate the dispersion makes the system sensitive to small temperature f luctuations.
The timing resolution could be improved if one could keep the wavelengths within the AWG passband chirp free. One can obtain chirp-free wavelengths by replacing the dispersive element with a true-time-delay (TTD) device such as a recirculating photonic filter (RPF). 5, 6 This TTD conf iguration consists of an AWG in a symmetric feedback architecture, as shown in Fig. 2 . The incremental lengths of fiber in the successive feedback paths provide discrete nondispersive delays. The symmetrical nature of the AWG directs light back into the straight-through channel. The output of the straight-through channel is a series of wavelengthencoded sampling pulses. The sampling rate is determined solely by the propagation delay in the feedback paths. Very short fiber increments are required for generating sampling pulses spaced in the 100-ps range (1 cm of fiber ഠ 50 ps). For smaller pulse separations the delays can be integrated on a chip. The monolithic nature of the chip is also favorable in terms of temperature stabilization. The discrete-time nature of the chip alleviates the ambiguity in the time-to-wavelength relation that is caused by overlapping tails of adjacent chirped pulses. Alleviating this ambiguity facilitates continuous-time operation of the sampler.
To demonstrate WDS sampling with discrete TTD we set up the system shown in Fig. 3 . We generated 2-ps optical pulses with 5-nm spectral bandwidth from an actively mode-locked Er-doped fiber ring laser operating at an 8-GHz repetition rate. The optical pulse travels through a monolithic silica RPF chip with integrated 10-ps incremental delays between successive channels. The lengths of waveguides needed to produce the 10-ps delays were obtained by use of the beam-propagation method. We note that any uncertainty in the effective index of the waveguide will produce a deviation from the designed delay in the fabricated device. The resulting pulse train from the TTD chip then samples the electrical signal in the LiNbO 3 modulator. The pulses after the modulator are demultiplexed by an AWG whose passband matches that of the RPF. A single pulse emerging from one channel of the TTD (RPF) chip is characterized by autocorrelation. The pulse bandwidth -time product is measured to be 0.49. This value is close to the theoretical product of 0.44 for a Gaussian pulse. The use of TTD instead of continuous dispersion has resulted in sampling pulses that are nearly chirp free within one channel passband of the AWG. As discussed above, chirp-free pulses are desirable for obtaining short sampling pulses and thus maximizing the timing resolution.
The temporal separation of the pulses arriving from the RPF chip is ascertained in two ways. First, a tunable filter is interposed between the spectrally broadened pulse and the RPF chip. The tunable filter bandwidth is 0.5 nm and is tuned to lie in the successive passbands of the AWG. The output from the RPF is then recorded on an externally triggered sampling oscilloscope. As the filter is tuned the different delay paths through the RPF are chosen. Thus, the 8-GHz pulse stream recorded on the sampling scope shifts in time. This pulse stream was recorded for different tunable filter settings, and it yielded an average interchannel delay of 11 ps, as shown in Fig. 4(a) . The recorded pulse width is limited by the photodetector response time. We performed another measurement of the delay in the RPF chip by feeding the output of the RPF chip into an autocorrelator. Pulses from successive channels have finite cross correlation. Thus, every time the pulse stream lines up with a delayed copy of itself the autocorrelator output shows a peak. The time interval between the peaks is a measure of the temporal separation of pulses at the output of the RPF chip. This temporal separation is measured to have an average value of 9.8 ps. The two measured interchannel delays of 9.8 and 11 ps are in good agreement with the value of 10 ps that is expected based on the length of the chip waveguide delays. The difference between these values is within experimental and design uncertainty.
A preliminary sampling experiment was implemented. The nearly chirp-free 100-Gsample͞s sampling pulses generated by the RPF were modulated by the electro-optic modulator. A four-channel RPF with 10-ps nominal delay generated four time samples of the analog signal for every laser pulse. The applied electrical signal was a 12-GHz 24-dBm sine wave. We biased the modulator away from its quadrature point to provide frequency doubling. Figure 4(b) shows the detected samples along with the measured modulator response. Because of the mismatch in the repetition rate of the laser (8 GHz) and the input signal (12 GHz), the 40-ps aperture ͑4 3 10 ps͒ captures two regions of the rf cycle. The mean sampling error is less than 1.5% over the five periods of the analog signal presented here.
An important issue in the use of the optical supercontiuum is the spectral power nonuniformity. Attenuators placed in the feedback paths of the first RPF can equalize static spectral nonuniformities. Implementing these attenuators is simple and represents a fortuitous advantage of the proposed method for chirp generation. In the experiment a parallel array of time-interleaved samples was generated. The system can also be reconfigured to generate a serial output that is stretched in time, as shown in Fig. 5 . The second sampling AWG is also conf igured as a RPF. The samples are separated in time by the incremental delays in the feedback paths. In this manner one could effectively stretch the sample stream to produce a time-stretched sampled version of the original signal. 3 This system represents the discrete-time rendition of the continuous-time stretch system that was demonstrated in Refs. 7-9.
In summary, we have proposed and demonstrated a high-temporal-resolution sampling system based on spectral slicing of an intensity-modulated chirped waveform. Near-transform-limited temporal resolution is obtained by use of a discrete-time TTD for optical chirp generation.
